Fusarium head blight (FHB), also called head scab, mainly caused by Fusarium graminearum Schwabe (teleomorph = Gibberella zeae (Schwein.) Petch), is a devastating wheat disease in warm and humid wheat-growing areas in the world (4) . Infected spikes produce shriveled kernels that result in low yield. Quality losses in infected grains are due mainly to damage in protein structure and contamination with deoxynivalenol (DON), a mycotoxin produced by the pathogen during infection (33) (34) (35) . DON in harvested grain is becoming a major health concern when the grain is to be used for human consumption or as animal feed (18) .
Chemical and agronomic control measures are either only moderately effective or unfeasible. The use of FHB-resistant cultivars is still one of the most effective methods to reduce losses caused by FHB (26) . Wheat cultivars with highly effective FHB resistance have been reported from several countries (3, 8, 14, 20, 32) . A major quantitative trait locus (QTL) for FHB resistance on chromosome 3BS of Sumai 3 has been shown to be stable across various genetic backgrounds and environments (4) . Many other QTLs have been reported, but their chromosome locations are inconsistent among studies (4) .
'Chinese Spring,' a landrace from China (28) , has shown moderate resistance to FHB in field conditions. Aneuploid genetic stocks are useful tools for studying the genetic effects of individual chromosomes or chromosome arms on various traits. Ditelosomic lines of Chinese Spring have been used to study aluminum tolerance (2, 25) , grain protein content (6) , and acquired thermo-tolerance (24) , and to locate the genes related to those characters on various chromosomes. In this study, a set of ditelosomic lines from Chinese Spring was used to determine the effect of individual chromosome arms on FHB infection and DON accumulation.
MATERIALS AND METHODS
Plant materials. Chinese Spring and its 30 ditelosomic lines were evaluated for FHB symptom spread within a spike (type II resistance) in a greenhouse at Kansas State University in 2003 and 2004. Wheat cvs. Sumai 3 and Clark were used as resistant and susceptible controls, respectively. Wheat seedlings were planted in a growth chamber for vernalization at 4ºC for 4 weeks before being transplanted to pots on greenhouse benches. Greenhouse temperatures averaged 25ºC, with a range of 19 to 30ºC during the day; and 19ºC, with a range of 17 to 21ºC at night.
FHB evaluation. The inoculum of F. graminearum was obtained from a field isolate (GZ 3639) in Kansas and has been well characterized for its strong virulence and high DON content in harvested grain (11) . Mung bean liquid medium was used to produce the conidia for inoculation (3) . A hypodermic syringe was used to inject a droplet of conidia (approximately 1,000 spores) into a central floret of selected spikes at anthesis. The inoculated plants were misted with tap water from a misting nozzle installed inside an inoculation chamber that consisted of a polyethylenesheet-covered frame on a greenhouse bench. Temperatures within the moist chamber were 23 to 25ºC and relative humidity was 100%. On the fourth day after inoculation, plants were returned to their original positions on greenhouse benches.
Disease severity was calculated as the proportion of scabbed spikelets per inoculated spike at 21 days after inoculation. For comparison of FHB severity among Chinese Spring ditelosomic lines and the controls, area under the disease progress curve (AUDPC) and thousand-seed weight also were evaluated. AUDPC was calculated from the proportion of scabbed spikelets per inoculated spike at 7, 14, and 21 days after inoculation according to Shaner and Finney (29) as follows:
where Y i is the proportion of scabbed spikelets per inoculated spike at the ith observation, t i is time (days) at the ith observation, and n is total number of observations. Fusarium head blight (FHB), caused by Fusarium graminearum Schwabe, is an important disease of wheat worldwide. Production of deoxynivalenol (DON) in infected wheat grain by F. graminearum is a major safety concern when considering use of the grain as feed for livestock or for human consumption. Determining chromosome locations of FHB-related genes may facilitate enhancement of wheat resistance to FHB and DON accumulation. In this study, a set of 30 ditelosomic lines derived from Chinese Spring, a moderately FHB-resistant landrace from China, were evaluated for proportion of scabbed spikelets per inoculated spike in the greenhouse and for DON contamination in harvested grain over 2 years. Significant variation in the proportion of scabbed spikelets was observed among ditelosomic lines, ranging from 13 to 95%. Seven ditelosomic lines exhibited a greater proportion of scabbed spikelets and three of these also had greater DON content than Chinese Spring (P = 0.01), suggesting that those missing chromosome arms may carry genes that contribute to resistance to FHB. Six ditelosomic lines had a reduction in proportion of scabbed spikelets, suggesting that susceptibility factors or resistance suppressors may be on these missing chromosomal arms. Selection for low proportion of scabbed spikelets in general will select for low DON content.
Harvested spikes from each pot were threshed separately by hand and carefully cleaned to assure that all shriveled kernels were collected. Seeds were counted and weighed. The greenhouse test was conducted in a randomized complete block design with three replications. Each replication had five inoculated plants. Visual FHB symptoms on each spike were rated individually. Thousand-seed weight was calculated based on bulked seed harvested from the inoculated spikes in each of three pots. The experiment was repeated once.
DON and data analysis. The kernels harvested from inoculated spikes of each line were bulked for DON analysis. DON content in a wheat sample was analyzed by the enzyme-linked immunosorbent assay (ELISA) at Michigan State University (16) . Analysis of variances for DON and the proportion of scabbed spikelets were conducted using the SAS program (v8.0; SAS Institute, Cary, NC). FHB severity was analyzed using data from each experiment and combined data over both experiments; whereas DON data were analyzed using only combined data from two experiments. Significant differences between treatment means were declared at P < 0.01 using the least significant difference (LSD) method. Correlations also were calculated among the measured variables.
RESULTS
FHB infection in Chinese Spring. In two greenhouse tests, FHB symptoms appeared as early as 4 days after inoculation and increased at different rates among Chinese Spring, Sumai 3, and Clark. At 21 days after inoculation, mean proportion of scabbed spikelets per inoculated spike and AUDPC in both experiments were lowest for resistant cv. Sumai 3, highest for Clark, and intermediate for Chinese Spring (Table  1) . DON content among cultivars was positively correlated with proportion of scabbed spikelets (r = 0.97, n = 9, P < 0.001) and AUDPC (r = 0.99, n = 9, P < 0.001). Thousand-seed weight was negatively correlated with proportion of scabbed spikelets (r = -0.98, n = 9, P < 0.001), AUDPC (r = -0.97, n = 9, P < 0.001), and DON content (r = -0.98, n = 9, P < 0.001).
FHB reactions of ditelosomic lines of Chinese Spring. Significant variation in proportion of scabbed spikelets was observed among ditelosomic lines of Chinese Spring and between experiments (Tables 2  and 3 ). This result indicates that these ditelosomic lines differ in their reactions to FHB, and that environments also affect the expression of the FHB resistance in the ditelosomic lines. The proportion of scabbed spikelets varied from 13.0 to 95.0% among the ditelosomic lines, whereas the proportion of scabbed spikelets of Chinese Spring was 50.7% (Table 3) . Nine ditelosomic lines (DT1AS, DT2AS, DT3AS, DT1BL, DT3BL, DT6BL, DT7BS, DT1DL, and DT1DS) had a greater proportion of scabbed spikelets than Chinese Spring over both experiments (P < 0.05). The differences in proportions of scabbed spikelets between Chinese Spring and ditelosomic lines DT1AS, DT2AS, DT3AS, DT3BL, DT6BL, DT1DL, and DT1DS were highly significant (P < 0.01) over two experiments. When Chinese Spring was lacking one of the chromosome arms 1AL, 2AL, 3AL, 3BS, 6BS, 1DS, or 1DL, the derived lines had significantly greater proportion of scabbed spikelets than the original Chinese Spring. In addition, 13 other lines with one arm missing showed significantly higher FHB severity (P < 0.01) than Chinese Spring in 2004 experiment, but the mean over two experiments was not significant (P < 0.01) due to either similar FHB severity as Chinese Spring or lower severity than Chinese Spring in 2003 ( Table 3 ). In contrast, five different ditelosomic lines (DT7AL, DT3BS, DT6BS, DT7BL, and DT4DL) had a significantly lower proportion of scabbed spikelets compared with Chinese Spring for both individual experiments and for mean FHB severity over two experiments (P < 0.01). Line DT6AL also was significantly different from Chinese Spring in both individual experiments, although its mean over two experiments was not significant. DON was detected in the kernels of all ditelosomic lines, ranging from 0.6 to 93.5 mg/kg, whereas the DON content in Chinese Spring was 31.3 mg/kg (Table 3) . DON content differed significantly among ditelosomic lines (P < 0.01; Table 2 ). Ditelosomic lines DT2AS, DT3AS, and DT1DS had significantly greater DON content than Chinese Spring, whereas DT6AL, DT7AL, DT4DL, and DT6DS had significantly lower DON content than Chinese Spring (P < 0.05). The lowest DON content was detected in ditelosomic line DT7AL (0.6 mg/kg), which also had the lowest proportion of scabbed spikelets among all ditelosomic lines. The highest DON content was found in DT1DS (93.5 mg/kg). DT1AS had the highest proportion of scabbed spikelets, with DON content of 64.3 mg/kg.
Genotypic variation was significant for both proportion of scabbed spikelets and DON content (Table 2) 
DISCUSSION
Single-floret inoculation was employed to evaluate FHB infection in this study. This method has been accepted as a standard inoculation method for measuring wheat resistance to spread of FHB symptoms within a spike (type II resistance; 27). Type II resistance has been considered to be a more stable type of resistance compared with resistance to initial infection (5) . In this study, wheat cv. Chinese Spring was shown to be moderately resistant to FHB compared with the well-known resistant cv. Sumai 3 and highly susceptible cv. Clark on the basis of proportion of scabbed spikelets per inoculated spike, AUDPC, and DON content over two experiments. These results agree with a previous report by Grausgruber et al. (15) . The genetic effect of different chromosome arms on FHB resistance can be characterized simultaneously in the same genetic background using ditelosomic lines (2,6,24,25). Significant differences in type II resistance and DON content compared with Chinese Spring were observed in many of the ditelosomic lines derived from Chinese Spring in this study. Our result suggested that seven chromosome arms of Chinese Spring most likely carry genetic factors for enhancement of type II resistance and most of those chromosome arms associated with a low proportion of scabbed spikelets also were reported previously through QTL mapping of different cultivars (1, 7, 9, 10, 13, 15, 31, 36, 40) . Grausgruber et al. (15) reported that chromosomes 3B and 5A might enhance resistance to F. culmorum in Chinese Spring after they had observed that substitution of some Chinese Spring chromosomes with corresponding chromosomes from a susceptible cultivar lead to disease increase. QTLs also were reported on 2AL (1,13), 3AL (1,13), 3BS (1,7,9,10), 6BS (31, 40) , and 1DL (36) from different cultivars. The QTL on 3BS was detected in Sumai 3 and its derivatives (1, 40) , Chinese landraces Wangshuibai (17, 38, 41) , Ning 894037 (31), and Renan (13) . Other QTLs mainly were QTLs with minor effects on FHB resistance. In this study, removal of some critical chromosome arms caused significant increase in the proportion of scabbed spikelets. Lines DT1AS, DT2AS, DT3BL, and DT1DL had about 34 and 46% higher proportion of scabbed spikelets in 2003 and 2004, respectively, than Chinese Spring. This result indicates that the genetic factor or factors on these missing chromosome arms independently can make a cultivar moderately resistant to completely susceptible, assuming that the dosage effect of the genetic factors on the opposite arm of the same chromosome was negligible. Therefore, all those chromosome arms seem to have genetic factors with a major effect on type II resistance in the Chinese Spring background, which is different from other studies. The discrepancy between results from this study and others could be due to different sources of resistance, dosage effect of gene on the opposite arm of the chromosome because it was doubled, and possible interaction between genes on different chromosomes that was not considered in this study.
In contrast, six ditelosomic lines (DT7AL, DT3BS, DT6BS, DT7BL, DT4DL, and DT6AL) had a significantly lower proportion of scabbed spikelets per inoculated spike than Chinese Spring, which suggests that those missing chromosome arms may carry a possible susceptibility factor or factors or resistance suppressors. FHB susceptibility factors have not received much attention to date. Yao et al. (37) reported that the Chinese Spring and Sumai 3 chromosome 2D substitution line was more susceptible than Chinese Spring and speculated that the susceptibility genetic factors on chromosome 2D of Sumai 3 might be responsible for the increased FHB severity. Zhou et al. (39) tested the same substitution lines and reported that chromosomes 2B, 2D, and 4D from Sumai 3 increased DON content. In many mapping efforts (1, 13, 17, 30) , researchers usually were interested in identification of resistance genes, not susceptibility factors. If a susceptibility factor is identified in a resistant parent, it usually is interpreted as the susceptible parent contributing the resistance gene (1). However, resistance and susceptibility are opposite ends of the same spectrum, and resistance is relative to susceptibility (23) . Research has greatly increased our knowledge on the genetic mechanisms of plant resistance to diseases. Garvin et al. (12) (22) also reported that resistant cultivars had lower DON content than did susceptible cultivars. In the current study, several chromosome arms were associated with significantly higher or lower DON content than Chinese Spring. A high proportion of scabbed spikelets was correlated with high DON content. Significant correlation between scabbed spikelets and DON content suggests that this low DON content could be merely due to lower disease because of the Type II resistance. Several lines with a significantly different proportion of scabbed spikelets did not differ in DON content from that of Chinese Spring. This may be due to the nongenetic variation for DON content or evaluation that was much larger than that for the proportion of scabbed spikelets.
